Résumé. 2014 On étudie les propriétés de 
Abstract. 2014 Critical transport and failure properties of a new class of continuum percolation systems (blue cheese model), where the transport medium is the space between randomly placed clefts, are discussed. The critical behaviour of electrical conductivity, fluid permeability, elastic constants and failure thresholds are, for most of them, distinct from their counterparts in both the discrete-lattice and Swiss-cheese continuum percolation models. Furthermore, it is argued that the asymmetric elastic response of a crack submitted to compression or extension leads, for the macroscopic mechanical properties, to a new percolation threshold at a crack concentration higher than that of usual geometric percolation. This is due to the presence of hooks or overhang crack configurations which locally transform the macroscopic applied extensional stress into a compressional stress. In two dimensions, an analogy with directed percolation is suggested. When the cracks have a non-vanishing width, one recovers the usual geometric percolation threshold and the analysis of the transport properties is similar to that of the Swiss cheese model developed by Halperin et Recently, it was realized that the critical behaviour of electrical conductivity, fluid permeability, elasticity modulus [1] and failure threshold [2] was different in discrete-lattice percolation and in a class of continuous percolation models (Swiss-cheese), pointing out the existence of at least two universality classes of transport phenomena in percolation. This is due to the existence of fluctuations [3] in the micro-bond strengths in the continuous percolation system. Percolation involving anisotropic objects has been studied [7] [8] [9] [10] numerically and theoretically and I will make use of the known geometrical facts for the analysis of transport and failure properties. Note however that, in the blue cheese model, the transport medium is the space left between the randomly placed empty clefts whereas for previous studies of transport properties in overlapping figure stick (or rectangle) percolation models [7] , transport is carried on the percolating structure of sticks or disks themselves. This is the main difference between this model and previous studies. It has important consequences for the critical electrical and mechanical properties which are completely different.
One important geometrical result of previous studies is that N c is known to decrease as the crack length I c increases according to Nc -1 c d [7, 10] , resulting in the existence of a quasi-invariant Nc 19 = 5.7 [7] [8] [9] [10] figure 1 : the heavy line serves as a guide to the eye and shows the connecting paths. The corresponding schematic representation of the discrete lattice structure equivalent to the continuum crack percolation structure is shown in b : the symbol = indicates the presence of weak micro-bonds with a topology represented in figure 2.
The generalization of this mapping in three dimensions involves planes and is straightforward. Figure 4 shows the corresponding generic neck which involves a three-crack configuration. As form finite non-vanishing angles with respect to the first line P 12. This result justifies that the generic configuration is of the form depicted in figure 4 .
The continuous to discrete mapping allows us to conclude that the blue cheese model has the typical Nodes-Links-Blobs geometrical structure, well known in discrete percolation models [12, 13] Fig. 5a ). If Io is the total current flowing through the hole, j (r) = Io/,7rr is the current density at large distances r &#x3E; 5 to the hole. From E = u -1 j, one gets the conductance of the hole which vanishes only logarithmically as I e/ S -+ + oo , i.e. when the bond thickness 5 goes to zero. This result has already been reported in [15] . To estimate the macroscopic conductivity, we ignore (as in [1] [1] . This shows that the blue cheese model is equivalent in 2d to the discrete lattice model or to the Swiss cheese model as far as the conductivity exponent is concerned.
In 3d, the generic structure of a micro-bond is shown in figure 4 (and Fig. 5b for the equivalent hole problem giving the scaling in terms of 5). It is easily seen that the conductance of such a microbond is proportional to that of a volume of size lc almost disconnected in its middle apart from a narrow neck of width 5 since, in order to go from figure 4 to figure 5b, one has only to rotate the micro-bond around the P 12 line. The conductance of the micro-bond shown in figure 4 therefore reads :
g (8 ) When the system is submitted to a given current density j (defined for the undeteriorated system i.e. j d -1 j = Io is fixed corresponding to a total imposed current 10), the current flowing in each macro-link is of order [15] [16] [17] and the Ohmic loss in it is written [2b] where gmin is obtained from 8min (1) (8) : for criterion ii) .
This leads to a scaling form of the first bond rupture threshold : jr(l)= (Nc -N)fe with
for criterion i). It is important to realize that these scaling laws are valid as long as the system size J remains much larger than the percolation length C.
Will the first micro-bond failure lead to a macroscopic failure ? In reference [18] , it is argued that the first microscopic failure threshold could in general be distinct from the macroscopic failure threshold for random fuse networks away from the percolation critical point. In the vicinity of Nc, the same can hold true depending on the cases as we now discuss.
Using the nodes-links-blobs picture of the percolation structure, one can estimate the failure threshold j r (2) of the second weakest bond of the total system and compare it with jr(I (4) show that the blue cheese model belongs to this class. Therefore, macroscopic failure in the blue cheese model is given by equations (8) and (9) . In the other cases (13 &#x3E; 2 for criterion i) and 13 &#x3E; 1 for criterion ii)), j r (2) ,j r (1) The fluid permeability k is defined as the flux-rate of fluid flow through the space between the random barriers under a unit macroscopic pressure gradient.
The permeability of a micro-bond of diameter 5 is proportional to the corresponding conductivity g (6) multiplied by its cross-section S = S d -1. Therefore, in 2d, k (6 ) = d /Log (lc/ S ). The The general description of this new threshold and the corresponding scaling laws is difficult in three dimensions especially since it is related to the physics of oriented random surfaces [22] .
In two dimensions however, it is easy to see that N c D corresponds to the directed percolation threshold [23] . To 1 . Under a macroscopic stress, the micro-bonds tend to accommodate the strains in the form of a bending deformation concentrated in the thin portion of width a (see Fig. 9 ), which shows a magnified view of a neck between two cracks. The corresponding bending constant of a microbond in two dimensions is that of a plate shown in figure 10 and is written Fig. 10 . -Magnified view of the small portion of the neck which suffers the bending deformation in the finite crack width mode deformation depicted in figure 9 .
In equation (20) we assume that for 5 a the bending strain is supported by the weak part of the bond of thickness 8. We can estimate the bending rigidity of the flawed system with the classical formula used in [1] One only gets a logarithmic correction to the discrete result Ym ~-(Nc -N)f.
In three dimensions, the microscopic bond bending mechanism also controls the macroscopic elasticity when the crack widths a are finite. The bending constant crosses over from y = Y8 4/a for 6 a to y = yl c 3 for 6 &#x3E; a. Therefore, the shear stress modulus is f = f + 3 with f = dv + 1 for din.--a, i.e. sufficiently near the percolation threshold. If d min :&#x3E; a, f = f. As N increases towards Nc, one should first observe the discrete-lattice shear modulus exponent and finally cross over to f = f + 3 in a narrow critical region (Nc -N --a/I c). figure 11 . Note that the ability for the crack edges to overlap suppresses the elastic asymmetry of the individual crack shown in figure 6 . Fig. 11 . -Crack opening deformation mode in two dimensions when crack edges overlapping is allowed : figure 11a corresponds to the case when the horizontal crack is supposed to remain undeformed whereas figure llb represents the case when both cracks are deformed.
If in the presence of an external stress, the horizontal crack of the T configuration of a microbond (see Fig. 2 ) did not bend as in figure 11 a, the elastic energy E stored in that bond would corre- spond to that of a disclination of angle aperture (or charge) s = 0. We refer to reference [24] for the definition of the elastic energy and quote the result for a single disclination in a plate of size L where Y is the Young elastic modulus and z is the solid mesh size. We take L = l c since strains are screened at scales larger than 1 c due to the presence of other cracks. Due to the independence of E with respect to 5, no correction to the discrete-lattice percolation case is expected. The reason is that, as 6 -&#x3E; 0, microbonds do not weaken in this mode of deformation.
However, usually there are no constraints on the deformation of the cracks and in particular, the horizontal crack of the T configuration does bend in general so as to minimize the elastic stress induced by the aperture 0 (as shown in Fig.11b ). This corresponds to the existence of two disclinations of opposite apertures or charges ± 6 at a distance 5 from one another forming a dislocation of Burgers vector b --d0. In this case, the elastic energy reads [24] The corresponding bending coefficient is I' = Y82Logle/z. Knowing y (8 ), one can follow reference [1] figure 12 . In other words, the major part of the elastic energy is found in the bending and twisting deformation modes. If this is permitted, buckling will always allow the horizontal crack in the T configuration to relax to its optimum shape. One has therefore to analyse only the dislocation case : the in-plane strain will be efficiently screened by the buckling deformation of the plate due to the coupling between inplane strain and transverse deformation [25] . This screening of the elastic stress by buckling has been estimated in [26] . The [28] . The expressions of the stress p and strain u along the axis x are [28] The virtual work entering the Griffith criterion is proportional to the product p . u = y-l F2 S -1. This result can be reobtained heuristically by writing that almost all the elastic energy is stored on the length 5 separating the two cracks. Therefore, p . u5 must be of the order of y-l F2 which recovers p. u = Y-1 F2 S -1. The instability of the crack occurs when p. u becomes equal to the surface tension energy 2 s of the solid-void interface. This yields the failure force F r = S 1/2. This result can be obtained directly for the two-crack configuration of figure 2 using the techniques of reference [29] [22] . This difficult problem is left for future work.
Finally, let us note the following points : 1) the results of this paper and of references [1, 2] can be contrasted with the exponents for geometrical properties such as v which have been confirmed numerically to be identical for both discrete and continuum systems [13] . The This study therefore demonstrates that, in systems damaged by cracks, the Griffith failure mechanism will not always occur. This is in contrast with the brittle failure mechanism occurring when the system is damaged by a single crack. In the presence of many cracks, bond bending failure must be considered (this is also suggested by the analysis [30] of the experiments reported in [31] [31, 16] . This implies facing the difficult problem of finite size effects. Note that the cracks must be really distributed at random in order to create the narrow necks which are so crucial for the distinction between continuum and discrete systems. See for example [32] for a careful discussion of the numerous experimental pitfalls that must be avoided the critical transport.
These predictions are currently being checked in our laboratory on model experiments with sheets of different materials which are deteriorated by cracks. This work will be reported subsequently.
